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In the present study, we investigated the basis set dependence of XYG3, a newly developed doubly
hybrid functional Y. Zhang, X. Xu, and W. A. Goddard III, Proc. Natl. Acad. Sci. U.S.A. 106, 4963
2009, in prediction of 1 heats of formation HOFs, 2 bond dissociation enthalpies BDEs, 3
reaction barrier heights RBHs, and 4 nonbonded interactions NBIs. We used basis sets of
triple-zeta quality starting from 6-311+Gd,p with increasing completeness of the polarization
functions to the largest Pople-type basis set 6-311++G3df,3pd and found that there was a
continued improvement with larger basis sets. We showed that while HOF predictions were prone
to basis set deficiencies, the basis set dependences in calculating BDEs, RBHs, and NBIs were mild.
All of them converged fast with the increase of basis set size. We extended XYG3 to propose the
XYG3o functional which was specifically optimized for a particular basis set in order to enhance its
performance when using basis set of moderate size. With the 6-311+G2df,p basis set, XYG3o led
to MADs of 2.56 kcal/mol for HOFs of the G3/99 set, 1.17 kcal/mol for BDEs of the BDE92/07
set, 1.11 kcal/mol for RBHs of the NHTBH38/04 and HTBH38/04 sets, and 0.40 kcal/mol
for NBIs of the NCIE31/05 set, being comparable to those obtained by using
XYG3/6-311++G3df,3pd. © 2010 American Institute of Physics. doi:10.1063/1.3488649
I. INTRODUCTION
Density functional theory DFT Ref. 1 has become the
leading tool for molecular quantum chemical calculations in
recent years due to its low computational cost in conjunction
with good precision in calculating various physical and
chemical properties of molecules. In practical applications of
DFT in the frame work of Kohn–Sham KS method,2 two
pre-decisions have to be made. First, an approximate
exchange-correlation functional has to be chosen, which is
designed to approximate the exact, yet unknown, density
functional. Second, a finite set of basis functions has to be
chosen, which is used to expand the KS orbitals to approxi-
mate the exact ground state density and other related quan-
tities.
The success of the KS implementation of DFT critically
depends on the quality of the exchange-correlation func-
tional. With different philosophies in their approximations,
various DFT functionals have been developed.2–29 A founda-
tion of most approaches is the local density approximation
LDA based on solutions of the uniform electron gas.2–4
This is the first rung of the hierarchy of various DFT
approximations,29 which yields results of good or moderate
accuracy for properties such as lattice constants, bulk
moduli, equilibrium geometries, and vibrational frequencies,
whereas LDA leads to bond energies and cohesive energies
that are far too large.30 The second and third rungs are the
generalized gradient approximation GGA and meta-GGA,
respectively.29 GGAs5–8 and meta-GGAs9,10 significantly re-
duce the overbinding tendency of LDA, but generally remain
inadequate for thermochemistry of molecules.30 The devel-
opment of the fourth rung functional i.e., hybrid methods is
a big step toward greater accuracy by introducing some
amount of “exact exchange” on the basis of the adiabatic
connection formula.11,19,31 The most popular hybrid GGA is
B3LYP,3,4,6,11,32 which is unfortunately poor for the predic-
tions of noncovalent bonding interactions21 and reaction bar-
rier heights,21 with performance degrading dramatically as
system sizes increase.33,34 A recent important development of
hybrid meta-GGAs is the proposal of the M06 family of
functionals,22 which currently provide the highest accuracy
with a broad applicability for chemistry. The final fifth rung
of Jacob’s ladder utilizes the unoccupied KS orbitals in ad-
dition to the occupied KS orbitals e.g., doubly hybrids.23–28
This final rung is expected to allow the heaven of chemical
accuracy to be achieved for broad applications.29 One has to
note that the main problem with DFT methods is the lack of
a well-defined method for systematically improving the
exchange-correlation functional toward the exact limit. As
many of the approximate functionals include several empiri-
cal parameters that are chosen based on fitting to experimen-
tal data, a higher rung functional does not necessarily guar-
antee a better performance than a lower rung functional for a
specific property. The choice of a proper functional demands
careful validations and good experiences.
Basis set is the other user defined component of a DFT
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calculation.27,34–38 Similar to that of the Hartree–Fock HF
method, it is generally agreed that the basis set used in DFT
is relatively easy to saturate.36 Fairly accurate results may be
obtained even with basis sets as small as double-zeta DZ
plus polarization,36 and a basis set of triple-zeta TZ spdf
+diffuse quality is already quite closed to the KS basis set
limit for conventional DFT calculations.36 Hence for appli-
cation purposes a polarized DZ type basis set is typically
used,39 and for functional development purposes a polarized
TZ type basis set is often employed.12–14,20 Dynamical cor-
relation energy in terms of molecular orbital MO theory is
well-known slowly convergent.40 Thus, a doubly hybrid
functional that includes a portion of MP2-like correlation is
expected to suffer from a similar slow basis set convergence
as in MO theory. In fact, in their development25 of B2T-
PLYP T for thermodynamics, B2K-PLYP K for kinetics,
and B2GP-PLYP GP for general purpose, an aug-pc3 Ref.
36 basis set was employed, which is of quadruple-zeta QZ
to quintuple-zeta 5Z spdfg+diffuse quality. In application
of Grimme’s original B2PLYP,24 a very large CQZV3P basis
set QZ with three sets of valence polarization functions 3P
plus core-polarization functions was recommended. With
CQZV3P, a mean absolute deviation MAD of 2.5 kcal/mol
was claimed24 for heats of formation HOFs of the G3/99
set,41 while with standard Pople’s 6-311+G3df,2p,42 we
found B2PLYP degraded, leading to MAD=4.6 kcal /mol.28
On the other hand, XYG3 was developed with 6-311
+G3df,2p.28 As the functional contains empirical param-
eters, the fitting procedure would have led to total errors that
combine the intrinsic errors of the exchange-correlation
functional and errors due to incompleteness of the basis set.
In the present work, we investigated the basis set depen-
dence of XYG3, as well as those of B3LYP and MP2, in
prediction of 1 HOFs, 2 bond dissociation enthalpies
BDEs, 3 reaction barrier heights RBHs, and 4 non-
bonded interactions NBIs. We examined how well the
XYG3 functional optimized at 6-311+G3df,2p could be
transferred to smaller basis sets for practical use, and we
developed the XYG3o functionals that were specifically op-
timized for smaller basis sets. We also performed Petersson’s
complete basis set CBS extrapolation43 on the MP2-like
correlation energy to see how XYG3/CBS would behave in
completing the four tasks we considered here.
II. COMPUTATIONAL DETAILS
B3LYP is one of the first hybrid functionals that intro-
duce a certain proportion of exact exchange Ex
exact based on
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Recently, we developed the XYG3 functional28 based on
the adiabatic connection formalism11,19,31 and the Görling–
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order PT2.44 XYG3 is a doubly hybrid functional that
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Here ̂ee is the electron-electron repulsion operator, and the
subscripts i , j and  , denote the occupied and unoccu-
pied KS orbitals, respectively. By fitting HOFs of the G3/99
set calculated with 6-311+G3df,2p to the experimental
data,41 the parameters in XYG3 are determined empirically
as d1=0.8033, d2=0.2107, d3=0.3211.
28
We investigated here the basis set dependence for XYG3
prediction of HOFs, BDEs, RBHs, and NBIs. Each term of
XYG3 in Eq. 2 at a given basis set was evaluated by using
the converged B3LYP orbitals from the same basis set. The
XYG3 results were compared with those of B3LYP and
MP2. The basis sets examined in the present work
included42,45 B1: 6-311+Gd,p, B2: 6-311+G2d,p, B3:
6-311+G2d,2p, B4: 6-311+G3d,2p, B5: 6-311
+G2df,p, B6: 6-311+G2df,2p, B7: 6-311+G3df, B8:
6-311+G3df,p, B9: 6-311+G3df,2p, and B10: 6-311+
+G3df,3pd. This choice echoes the common wisdom in
MO theory that a TZ basis set is relatively complete for
moderate accuracy and the major source of errors in calcu-
lating chemical reaction energies such as HOFs comes from
the incompleteness of the polarization functions.46
DFT methods, by construction, consider all core and
valence dynamic electron correlations. Hence, all calcula-
tions reported here include the core electron correlation in
evaluation of the MP2-like term to match its DFT part.
Previously,47 we found that the frozen core approximation
and Truhlar’s scaling-all-correlation23 method can be
adopted to speed-up the calculations with similar accuracy
after introducing an extra scaling parameter for the MP2-like
term using Pople-type basis sets.
Martin and co-workers noticed that Petersson’s CBS ex-
trapolation scheme43 can be used to mitigate the basis set
incompleteness in the MP2-like correlation energy
evaluation.25 We carried out here CBS calculations with
XYG3 using the B9 basis set 6-311+G3df,2p. The pair
extrapolation parameter Nmin was set to 10.
25,43,45 We evalu-
ated the performance of XYG3/CBS and compared the re-
sults with those of conventional MP2/CBS.
We used the well-known G3/99 set41 as validating set of
HOFs. B3LYP/6-311+Gd,p was employed to optimize the
equilibrium geometry of each species. Analytical harmonic
frequency was calculated at the same level to ensure that
each geometry corresponded to a true local minimum and to
give zero-point energy ZPE, thermocorrections. The stan-
dard heats of formation  fH298
0– were calculated in the same
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manner as Curtiss et al.41 by first subtracting the calculated
atomization enthalpies, using a scaled ZPE 0.9877 for the
molecule, from the known experimental heats of formation
of the isolated atoms at 0 K and then adding the calculated
thermocorrections H0→298 K for the molecule, as well as
H0→298 K for elements in their standard states from experi-
ments. In all our HOF calculations, spin-orbit SO correc-
tions were also included.41
We calculated BDE according to the enthalpy change of
the following reaction in the gas phase 298 K and 1 atm:




o– X · +  fH298
o– Y · −  fH298
o– X − Y . 4
Here we supplied the experimental or calculated HOF with
the given method for each species. When X or Y happened to
be an atom, we used the experimental HOF.41 As errors in
HOFs might accumulate or cancel out in BDE calculations,
such that BDEs carry additional information that is important
for the judgment of functional performance for “real” chem-
istry. The so-called BDE92/07 set consisted of 92 bond dis-
sociation reactions, set up by 27 radicals and 76 molecules
contained in the G3/99 set.33
Zhao and Truhlar’s NHTBH38/04 and HTBH38/04 sets
were used to examine the XYG3 basis set dependence on
calculations of barrier heights.21–23 HTBH38/04 included for-
ward and reverse barrier heights for 19 hydrogen transfer
HT reactions, while NHTBH38/04 contained six heavy-
atom transfer HAT reactions, eight nucleophilic substitu-
tion NS reactions, and five unimolecular and association
UM reactions. Geometries and reference energies were
taken from the Truhlar DB website.21–23
Zhao and Truhlar’s NCIE31/05 set was used to investi-
gate the XYG3 basis set dependence on calculations of non-
covalent interaction.21–23 NCIE31/05 was made of six hydro-
gen bond HB complexes, seven charge-transfer CT
complexes, six dipole interaction DI complexes, seven
weak interaction WI complexes, and five 	-	 stacking
PPS complexes. Geometries and reference energies were
taken from the Truhlar DB website without
modifications.21–23 All our calculations were performed by
using the GAUSSIAN 03 suite of programs.45
III. RESULTS AND DISCUSSION
A. Heats of formation
The G3/99 set41 is one of the commonly used set for
developing and validating new DFT functionals in describing
covalent bonding in the main group molecules.11,15–18,20 The
223 molecules in the G3/99 set were historically divided into
three subsets, G2-1, G2-2, and G3-3 with increasing average
molecular size.41 In a pioneer work of Pople and
co-workers,34 the G2-1 set was used to evaluate the BLYP6,7
performance on HOFs with basis sets of 6-31Gd,
6-31+Gd, 6-311+G2df,p, and 6-311+G3df,2p. They
used MP2/6-31Gd geometries and vibrational frequencies
scaling factor 0.8929 at HF/6-31Gd, and did BLYP in a
postmanner using HF density. They obtained MADs=7.14,
7.03, 4.32, and 3.94 kcal/mol, respectively, for these four
basis sets. The role of the basis set in DFT calculations has
been more systematically studied by Boese, Martin, and
Handy using a modified G3/99 set.38 Two of their main con-
clusions were the following. 1 The Pople basis sets,42,45
developed for Hartree–Fock, also exhibited low errors for
HOF calculations, while Dunning’s correlation consistent ba-
sis sets,48 which were optimized at the CISD level, did not
seem to be an optimal choice for DFT calculations despite
having a larger number of basis functions. 2 A TZ quality
basis set was likely to be sufficient for use in GGA and
hybrid calculations. Using still larger basis sets was not use-
ful, as the basis set truncation error was probably about an
order of magnitude lower than the functional error itself. We
present here the XYG3 HOFs of the G3/99 set, along with
the B3LYP and MP2 results, with basis sets ranging from B1
to B10. The detailed results can be found in the supplemen-
tary material Tables S1–S3 Ref. 49 and the statistic data
are summarized in Table I, which are depicted in Fig. 1.
From Table I, it is seen that B3LYP shows a mild
basis set dependence for the G2-1 set from B1
MAD=4.26 kcal /mol to B10 MAD=2.19 kcal /mol.
This basis set effect is enlarged significantly as the molecular
size is increased. Thus for the G3-3 set, MAD associated
with B3LYP/B1 is 22.20, and that from B3LYP/B10 is 7.57
kcal/mol. While the maximum positive error remains quite
constant with increasing basis set, the maximum negative
error is greatly reduced as the basis set is enlarged
from B1 max− =−88.30 kcal /mol to B10
max− =−19.22 kcal /mol. This might be expected as add-
ing more polarization functions improves the description of
the molecule, reducing the B3LYP tendency of underestimat-
ing the stability of the molecules.
Table I clearly shows that MP2 is more basis set depen-
dent than B3LYP. Even for the G2-1 set, the MP2 MAD
spans a range of 8.13 kcal/mol from B1 to B10, as opposed
to the B3LYP range of 2.07 kcal/mol. Size dependence is
also more severe in MP2. For the G3-3 set, the MP2 MAD
range from B1 to B10 is increased to 37.24 kcal/mol, while
that for B3LYP it is 14.63 kcal/mol. Similar to that in
B3LYP, improving basis set reduces the MP2 max
. On the
contrary, max+ increases significantly as the basis set is in-
creased. Inspection on the data summarized in Table S2 Ref.
49 shows that MP2 is most problematic for halogenated
compounds, aromatic compounds, and hypervalent com-
pounds, where their stabilities are underestimated with B1 by
more than 20 kcal/mol, but overestimated with B10 by more
than 20 kcal/mol.
In all cases, XYG3 is much less basis set dependent and
size dependent than MP2 see Table I and Fig. 1. When
augmented with suitable number of polarization functions,
XYG3 behaves significantly better than B3LYP. XYG3 has
inherited both from B3LYP and MP2 some drawbacks, such
that max+ and max
 may occur at BeH and SF6, respec-
tively, as they do in B3LYP; while max+ increases as the
basis set increases as it does in MP2, albeit at a much re-
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duced rate. Overall, XYG3 presents a significant improve-
ment over both B3LYP and MP2 in HOF predictions with
B6, B9, and B10 basis sets.
Basis set extrapolation techniques have been applied to
HOF predictions at various levels including HF,50,51
MP2,52,53 CCSD,52,53 and CCSDT,54 as well as DFT.35,36
They provided insights in tracing down the intrinsic errors of
a specific method. These were generally done using either
correlation consistent basis sets48 or polarization consistent
basis sets36 with some dependence on the highest angular
momentum included in the basis sets. These are generally
expensive calculations and thus can only be applied to lim-
ited size of molecules for benchmarking. Petersson’s CBS
procedure is unique in its use of nonlinear pair natural orbital
extrapolations to the CBS limit of the MP2 correlation
energy.43 The use of Petersson’s CBS extrapolation suggests
that smaller basis sets can be used, which can considerably
speed the calculations and widen its range of applicability.
We performed conventional UMP2/B9 calculations with all
electrons being correlated and did CBS extrapolations. We
did not see that such CBS calculations improved the UMP2
agreement with the experimental HOFs. This should be ex-
pected as MP2 is incomplete without taking into account of
higher order correlation effects. On the other hand, we no-
ticed that Ten-no and co-workers53 gave MP2 correlation en-
ergy for benzene as 
1.044 716 a.u. at aug-cc-pV6Z and

1.049 446 a.u. at aug-cc-pV7Z, with their best estimate as

1.05755 a.u., while our CBS calculation led to MP2 cor-
relation energy of 
1.200 356 a.u., overshooting Ten-no’s
best number by 
89.64 kcal/mol. Indeed, our UMP2/CBS
overestimated benzene’s stability by 39.51 kcal/mol see
Table S4 for details.49
Previously, we found that B2PLYP degraded as the basis
set size was reduced from CQZV3P MAD=2.5 kcal /mol
TABLE I. Heats of formation at 298 K for the G3/99 Set 223. Errors errors Expt.-Theor. are in kcal/mol;
experimental data are from Ref. 41 for B3LYP, MP2, and XYG3 with different basis sets. Codes for basis sets
are B1: 6-311+Gd,p, B2: 6-311+G2d,p, B3: 6-311+G2d,2p, B4: 6-311+G3d,2p,
B5: 6-311+G2df,p, B6: 6-311+G2df,2p, B7: 6-311+G3df, B8: 6-311+G3df,p,
B9: 6-311+G3df,2p, and B10: 6-311++G3df,3pd. CBS: the PT2 correlation energies are extrapolated




cG2-1 G2-2 G3-3 G3
B3LYP/B1 4.26 9.85 22.20 12.63 7.71 BeH 
88.30 SF6
B3LYP/B2 2.75 6.59 15.77 8.73 7.87 BeH 
50.38 SF6
B3LYP/B3 2.64 5.67 13.78 7.65 7.87 BeH 
50.38 SF6
B3LYP/B4 2.29 4.67 12.22 6.62 7.88 BeH 
33.40 SF6
B3LYP/B5 2.27 4.53 11.33 6.26 7.95 BeH 
30.37 SF6
B3LYP/B6 2.20 3.92 9.56 5.39 7.98 BeH 
30.37 SF6
B3LYP/B7 2.53 5.94 14.12 7.85 7.73 BeH 
30.80 n-octane
B3LYP/B8 2.20 3.93 9.76 5.46 7.97 BeH 
19.61 n-octane
B3LYP/B9 2.16 3.46 8.20 4.74 8.03 BeH 
19.22 SF6
B3LYP/B10 2.19 3.32 7.57 4.47 8.08 BeH 
19.22 SF6
UMP2/B1 13.96 26.25 50.13 31.25 3.01 BCl3 
96.91 n-octane
UMP2/B2 11.25 19.77 36.56 23.32 8.55 BF3 
83.67 n-octane
UMP2/B3 9.64 16.07 29.58 19.03 8.55 BF3 
66.23 n-octane
UMP2/B4 8.91 14.40 25.35 16.73 18.62 C2F6 
61.30 n-octane
UMP2/B5 8.44 12.91 17.65 13.40 37.49 C2F6 
50.50 n-octane
UMP2/B6 7.13 10.43 12.94 10.46 37.49 C2F6 
31.55 SiCH34
UMP2/B7 13.45 21.11 30.85 22.50 48.34 C2F6 
93.15 n-octane
UMP2/B8 8.32 12.90 16.33 12.92 48.34 C2F6 
41.86 n-octane
UMP2/B9 7.34 11.12 13.33 10.93 48.34 C2F6 
29.21 SiCH34
UMP2/B10 5.83 10.28 12.89 10.06 48.34 C2F6 
16.07 CN
UMP2/CBS 7.69 17.00 26.64 17.95 77.36 azulene 
22.98 Si2H6
XYG3/B1 7.58 16.77 29.93 18.93 3.13 BeH 
106.05 SF6
XYG3/B2 5.10 11.96 20.83 13.25 3.51 BeH 
60.59 SF6
XYG3/B3 4.24 9.86 16.20 10.84 3.84 BeH 
60.59 SF6
XYG3/B4 3.40 7.76 14.14 8.83 3.83 BeH 
40.23 SF6
XYG3/B5 2.44 4.56 7.25 4.95 5.51 AlCl3 
29.05 SF6
XYG3/B6 1.76 2.59 3.71 2.76 6.26 C6H5 
29.14 SF6
XYG3/B7 4.71 8.51 14.11 9.46 6.28 BCl3 
34.45 n-octane
XYG3/B8 1.94 2.96 4.30 3.16 6.28 BCl3 
16.62 SF6
XYG3/B9 1.53 1.78 2.06 1.81 6.28 BCl3 
16.67 SF6
XYG3/B10 1.49 1.86 2.16 1.87 7.11 naphthalene 
16.57 SF6
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Ref. 24 to Pople’s 6-311+G3df,2p MAD
=4.6 kcal /mol.28 Martin and co-workers found that the per-
formance of B2PLYP deteriorated for basis sets larger than
aug-pc2 and at Petersson’s CBS limit, while their B2K-PLYP
satisfyingly improved with improving the quality of basis
set.25 Table I and Fig. 1 show that the XYG3 performance
generally improves with basis set from B1 to B10. However,
XYG3/CBS does not improve the HOF results further. Be-
sides the intrinsic errors in XYG3, we believe that the XYG3
compatibility with Petersson’s CBS scheme may need more
study e.g., the proper choice of the pair extrapolation pa-
rameter Nmin
25,43 for XYG3.
We performed some XYG3 calculations with correlation
consistent basis sets.48 We found that cc-pVDZ gave MAD
of 28.69 kcal/mol, while cc-pVTZ reduced it to 3.63 kcal/
mol for HOFs the G3/99 set. This is, however, inferior to the
Pople basis sets of similar quality e.g., B9 and B10, sup-
porting Boese, Martin, and Handy’s finding38 that cc- basis
sets did not seem to be an optimal choice for DFT calcula-
tions. It might be expected that even larger cc- basis set, in
conjunction with basis set extrapolation, can lead to better
results. In practice, we recommend to use XYG3 along with
Pople’s basis sets for effective, yet accurate, HOF
predictions.28,47
B. Bond dissociation enthalpies
HOF based on atomization energy, where all chemical
bonds are broken all at once, is a stringent test of the quality
of a specific method. BDE, on the other hand, provides a
more relevant test for ordinary chemistry where a specified
A-B bond is broken, and it is generally expected that its
statistic errors are reduced due to error cancellation in de-
scribing the parent molecules and the resultant radical spe-
cies. Using the BDE92/07 set,33 we have investigated the
basis set dependence of XYG3 calculated BDEs, along with
those from B3LYP and MP2, with basis sets ranging from B1
to B10. The detailed results are summarized in supplemen-
tary material Table S5–S7.49 The statistic data are presented
in Table II and the trends are depicted in Fig. 2.
As it is clearly seen, basis set dependence is now not
significant. For B3LYP, MAD from B1 is 5.86 kcal/mol and
that from B10 is 5.18 kcal/mol. The most problematic case in
the B3LYP BDE calculations is when the carbon atom is
highly alkylated.33,55 For example, B3LYP/B1 led to an error
of 13.99 kcal/mol for CH33C–OCH3. Increasing basis set
size does not help, such that B3LYP/B10 still led to an error
of 13.24 kcal/mol for this C–O bond. There are only a few
cases where improving basis set from B1 to B10 helps to an
appreciable amount. Most of them happen for the carbon-
halogen bond. For example, B3LYP/B1 gave an error of 8.23
kcal/mol for CH3CO–Cl, whereas B3LYP/B10 reduced it
to 2.48 kcal/mol see Table S5 for more examples.49
Basis set dependence of the UMP2 BDEs is also signifi-
cantly attenuated as compared to that of the UMP2 HOFs,
while it is still sizable as compared to that of the B3LYP
BDEs. MAD from UMP2/B1 is 6.18 kcal/mol, which in-
creases, rather than decreases as would have been expected,
to 8.41 for UMP2/B10 and further increases to 9.97 if CBS is
applied see Table II. Increasing basis set size did help in
many cases as shown by data in Table S6.49 For example,
UMP2/B1 led to an error of 6.20 kcal/mol for H–NH, which
was reduced to 0.52 kcal/mol with UMP2/B10. However,
there are many other cases that larger basis sets actually
worsen the UMP2 agreement with the experiments. If the
specified bond is near a double bond or a triple bond, the
UMP2 results are poor, which are made even worse when the
basis set size is increased. For example, an error of 
45.75
kcal/mol was resulted from the UMP2/B1 calculation for
NC–CN, which increased to 
51.73 or 
55.60 kcal/mol if
UMP2/B10 or UMP2/CBS was used see Table S6 for
more examples.49
Table II and Table S7 Ref. 49 show that XYG3 is par-
ticularly satisfying for BDE predictions. Even with XYG3/
B1, MAD for BDE92/07 is 3.29 kcal/mol, smaller than the
best values of UMP2/B1 6.18 and B3LYP/B10 5.17. Im-
proving basis set improves steadily the XYG3 performance,
such that XYG3/B10 and XYG3/CBS give MADs=1.46 and
1.32 kcal/mol, respectively. Previously we showed that G2
and G3 led to MADs=1.8 and 1.1 kcal/mol, respectively, for
this same BDE set.33 The severe underestimation of B3LYP
for alkylated C-X bond is largely corrected in XYG3, giving
an error of 2.62 kcal/mol for CH33C–OCH3 with B10. The
dramatic overestimation of UMP2 for NC–CN is removed in
XYG3, which shows an error of only 0.43 kcal/mol with B10
see Table S7 for more examples.49
C. Reaction barrier heights
DFT methods usually underestimate RBHs.19,21–23,28,47
Such errors are usually attributed to the self-interaction er-
rors SIE that make local DFT functionals problematic for
the stretched partially broken bonds, characteristic of the
transition states for chemical reactions.19 Table III and Fig. 3
display the statistic behaviors for B3LYP, UMP2, and XYG3,
respectively, for RBH estimations with various basis sets.
The corresponding details are summarized in Tables S9–S14
for B3LYP, Tables S15–S20 for UMP2, and Tables S21–S26
for XYG3.49 The CBS results with UMP2 and XYG3 are
listed in Tables S27–S32.49
Again the basis set dependence is quite mild for B3LYP.
This is also true for XYG3, showing that TZ basis set plus a
minimum set of polarization functions is generally good for
barrier height predictions. An MAD of 4.6 kcal/mol is en-
countered for B3LYP with various basis sets for a total of 76
FIG. 1. Basis set dependence for the calculated heats of formation against
the experimental data of the G3/99 set.
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barrier heights see Table III. A uniformed tendency for
B3LYP to underestimate RBHs is evident for the forward
reaction in Truhlar’s NHTBH38/04 set see Table S10.49
The worst happens at the subset of HAT reactions, whose
MAD is as high as 8.5 kcal/mol. XYG3 is obviously superior
to B3LYP, leading to MAD around 1.0 kcal/mol see Table
III. This is probably due to its large portion 80% of the
HF-like exchange that reduces the SIE. Increasing the basis
set size has the most profound effect on reducing the XYG3
errors for the HAT12 subset. MAD 3.33 kcal/mol associ-
ated with XYG3/B1 is reduced to 1.42 for XYG3/B10 and
further to 1.15 for XYG3/CBS.
As it is clearly seen from Table III and Fig. 3, basis set
dependence for UMP2 is now not that dramatic. MAD from
B1 is 5.82 kcal/mol and that from B10 is 4.44 kcal/mol.
UMP2/CBS further reduced MAD to 4.04 kcal/mol. Hence,
improving basis set quality indeed improves the agreement
with the reference data. The most problematic cases in the
UMP2 barrier calculations are HAT reactions, whose MAD
is generally more than 10 kcal/mol. UMP2 is however quite
satisfactory for the set of NS reactions.
Previously, we have tested some DFT methods, along
with HF and MP2, for describing the whole H+CH4→H2
TABLE II. Bond dissociation enthalpies at 298 K 92. Errors MADs are in kcal/mol; experimental data are from Refs. 41 and 33. for B3LYP, MP2, and
XYG3 with different basis sets codes for basis sets are B1: 6-311+Gd,p, B2: 6-311+G2d,p, B3: 6-311+G2d,2p, B4: 6-311+G3d,2p, B5:
6-311+G2df,p, B6: 6-311+G2df,2p, B7: 6-311+G3df, B8: 6-311+G3df,p, B9: 6-311+G3df,2p, and B10: 6-311++G3df,3pd; CBS: the PT2
correlation energies are extrapolated from B9 to the complete basis set limit according to Petersson’s CBS scheme using Nmin=10 Ref. 43 for various bond
types.
Method C–H 15 X-H 10 a C–C 22 C–O 16 C–N 6 C–F 4 C–Cl 7 C–S 5 X-Y 7b
Total
MAD
B3LYP/B1 2.53 3.09 6.55 8.00 7.34 6.53 6.31 7.85 6.30 5.85
B3LYP/B2 2.50 3.11 6.47 7.64 7.71 5.15 5.26 7.28 5.30 5.55
B3LYP/B3 2.43 2.77 6.50 7.65 7.83 5.11 5.20 7.27 5.36 5.51
B3LYP/B4 2.45 2.71 6.41 7.35 7.84 4.34 4.46 6.67 5.18 5.30
B3LYP/B5 2.63 3.28 6.51 7.19 7.34 4.00 4.88 6.75 4.76 5.35
B3LYP/B6 2.46 2.94 6.48 7.11 7.23 3.58 4.63 6.76 4.84 5.22
B3LYP/B7 3.04 4.23 6.17 6.80 7.37 3.16 4.23 6.25 4.63 5.25
B3LYP/B8 2.68 3.13 6.52 7.08 7.60 3.19 4.35 6.48 4.75 5.25
B3LYP/B9 2.61 2.91 6.58 7.08 7.56 3.17 4.33 6.51 4.75 5.22
B3LYP/B10 2.58 2.76 6.54 7.07 7.53 3.12 4.20 6.44 4.75 5.17
UMP2/B1 6.14 4.72 9.70 4.63 5.74 7.52 5.66 2.51 3.59 6.18
UMP2/B2 5.99 4.44 10.09 5.77 5.80 9.20 6.51 1.91 2.66 6.45
UMP2/B3 5.72 4.12 10.05 5.89 5.81 9.28 6.76 1.84 2.66 6.41
UMP2/B4 5.76 3.95 10.36 6.40 6.35 10.54 8.01 1.84 2.77 6.75
UMP2/B5 6.06 3.95 12.29 8.06 8.57 13.38 10.20 2.62 3.84 8.11
UMP2/B6 5.70 3.63 12.36 8.20 8.57 13.45 10.41 2.82 3.86 8.09
UMP2/B7 7.55 6.39 13.18 9.17 9.73 14.90 11.24 3.29 4.21 9.31
UMP2/B8 6.01 3.63 12.58 8.66 8.93 14.77 11.02 3.07 3.96 8.42
UMP2/B9 5.70 3.44 12.42 8.71 9.07 14.80 11.14 3.16 4.14 8.36
UMP2/B10 5.31 3.19 12.72 8.82 9.08 14.87 11.54 3.68 4.01 8.41
UMP2/CBS 5.46 4.01 14.65 10.66 11.41 17.60 12.72 5.69 6.62 9.97
XYG3/B1 1.36 2.49 2.64 4.07 3.30 7.43 3.53 3.61 5.93 3.29
XYG3/B2 1.25 2.47 2.52 3.42 3.46 5.16 2.50 3.45 4.34 2.83
XYG3/B3 0.91 1.63 2.54 3.40 3.57 5.10 2.43 3.35 4.34 2.68
XYG3/B4 0.96 1.54 2.29 2.84 3.40 4.15 1.69 2.67 3.95 2.34
XYG3/B5 1.25 2.38 1.79 1.79 2.18 2.55 1.02 1.70 2.53 1.82
XYG3/B6 1.22 1.63 1.97 2.01 2.97 3.48 1.57 1.63 2.54 1.94
XYG3/B7 2.52 4.45 1.26 0.95 1.72 1.49 0.96 1.32 2.17 1.85
XYG3/B8 1.24 2.02 1.70 1.40 2.25 1.54 0.85 1.56 2.41 1.62
XYG3/B9 1.02 1.62 1.80 1.39 2.20 1.50 0.86 1.55 2.39 1.56
XYG3/B10 0.94 1.27 1.68 1.33 2.17 1.44 1.03 1.43 2.36 1.46
XYG3/CBS 0.85 1.41 1.60 1.02 1.76 1.10 0.94 1.00 2.41 1.32
aX-H: N–H, O–H, Si–H, P–H, and S–H.
bX-Y: O–O, N–N, N–O, C–Si, Si–Si, Cl–O, and Cl–N.
FIG. 2. Basis set dependence for the calculated bond dissociation enthalpies
against the experimental data of the BDE92/07 set.
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+CH3 reaction path using CCSDT/6-311++G3df,2pd
data as the reference.28,47 We showed that the XYG3 results
are within 0.44 kcal/mol of the CCSDT results for the en-
tire reaction path. On the other hand, HF and MP2 are both
inadequate for potential energy surface calculations. HF
overestimates the barrier height by 8.35 kcal/mol and MP2
overestimates the barrier height and endothermicity of the
reaction by 5.81 and 4.70 kcal/mol, respectively. We may
view HF and MP2 as a kind of functionals with 100% HF
exchange plus null and 100% MP2 correlation, respectively.
In contrast with the B3LYP results, a uniformed tendency for
UMP2 to overestimate RBHs is clearly evident for the for-
ward reaction in Truhlar’s NHTBH38/04 set see Table
S16.49 This infers that besides the exchange functional, the
correlation functional is also critical for an adequate descrip-
tion of RBHs.
D. Noncovalent interactions
Despite that DFT is now the leading first principles
method for applications in physics, chemistry, biology, and
materials science, a known serious deficiency for traditional
DFT methods lies in its poor behavior in describing NBIs,
which are so important to the packing of molecules into sol-
TABLE III. Reaction barrier heights for Truhlar’s NHTBH38/04 set UM10: ten data points for association and
unimolecular reactions, NS16: 16 data points for nucleophilic substitution reactions, HAT12: 12 data points for
heavy-atom transfer reactions and HTBH38/04 set HT38: 38 data points for hydrogen transfer reactions.
Errors MADs are in kcal/mol; W1 reference data are from Refs. 21–23 for B3LYP, MP2, and XYG3 with
different basis sets. Basis set codes are B1: 6-311+Gd,p, B2: 6-311+G2d,p, B3: 6-311+G2d,2p, B4:
6-311+G3d,2p, B5: 6-311+G2df,p, B6: 6-311+G2df,2p, B7: 6-311+G3df, B8: 6-311+G3df,p, B9:
6-311+G3df,2p, and B10: 6-311++G3df,3pd. CBS: the PT2 correlation energies are extrapolated from B9
to the complete basis set limit according to Petersson’s CBS scheme using Nmin=10 Ref. 43.
Method UM10 NS16 HAT12 HT38 Total 76
B3LYP/B1 2.00 3.89 8.91 4.46 4.72
B3LYP/B2 1.99 4.32 8.71 4.45 4.77
B3LYP/B3 2.03 4.34 8.48 4.42 4.73
B3LYP/B4 2.09 4.13 8.47 4.46 4.71
B3LYP/B5 1.97 3.49 8.72 4.45 4.60
B3LYP/B6 2.02 3.48 8.55 4.42 4.56
B3LYP/B7 1.88 3.56 8.43 3.97 4.32
B3LYP/B8 1.97 3.35 8.51 4.47 4.55
B3LYP/B9 2.02 3.38 8.51 4.43 4.54
B3LYP/B10 2.04 3.27 8.82 4.56 4.63
UMP2/B1 6.00 3.52 12.83 4.53 5.82
UMP2/B2 5.69 0.68 11.77 4.19 4.85
UMP2/B3 5.60 0.66 12.07 4.08 4.82
UMP2/B4 5.41 0.85 11.73 3.91 4.70
UMP2/B5 5.66 1.21 11.39 3.94 4.77
UMP2/B6 5.51 0.98 11.60 3.83 4.68
UMP2/B7 6.18 1.41 12.24 5.58 5.83
UMP2/B8 5.54 2.09 11.34 3.86 4.89
UMP2/B9 5.43 1.69 11.42 3.82 4.78
UMP2/B10 5.06 1.77 10.83 3.38 4.44
UMP2/CBS 5.07 1.60 9.47 3.09 4.04
XYG3/B1 1.23 0.85 3.33 1.14 1.35
XYG3/B2 1.00 2.66 2.12 1.05 1.50
XYG3/B3 1.02 2.81 2.42 0.96 1.53
XYG3/B4 1.03 2.50 2.16 0.85 1.37
XYG3/B5 0.99 1.66 1.77 0.91 1.17
XYG3/B6 1.06 1.80 1.67 0.84 1.16
XYG3/B7 1.15 1.59 2.98 1.49 1.63
XYG3/B8 0.91 1.21 1.80 0.70 0.96
XYG3/B9 0.98 1.42 1.66 0.75 1.02
XYG3/B10 0.83 1.36 1.42 0.68 0.92
XYG3/CBS 0.82 1.39 1.15 0.84 1.00
FIG. 3. Basis set dependence for the calculated reaction barrier heights
against the benchmark data of the NHTBH38/04 and HTBH38/04 sets.
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ids, the binding of drug molecules to proteins. Encourag-
ingly, important achievements along this line have been
made recently.21–28,56 Here we test the basis set dependence
of XYG3, as well as B3LYP and UMP2, using Truhlar’s
NCIE31/05 set.21–23 The statistic errors are summarized in
Table IV with details given in Table S33–S36.49
B3LYP/B10 led to MAD of 0.95 kcal/mol for NCIE31/
05, which is an improvement over B3LYP/B1 MAD
=1.16 kcal /mol. With B1, HB strength may be overesti-
mated due to basis set superposition error BSSE,57 while
with B10, it is clear that B3LYP has a tendency to underes-
timate HB strength e.g., NH32, H2O2, and NH3H2O
in Table S33.49 Basis set effects are quite significant in the
CT complexes see Table IV. B3LYP/B1 resulted in a MAD
of 1.49 kcal/mol, which was reduced to 0.79 with B10. Gen-
erally, B3LYP overestimates the interaction strength in the
CT complexes. The NH3F2 complex provides an extreme
example. While B3LYP/B1 is overbinding by more than
100%, it is still so by 59% with the B10 basis set. Basis set
dependence of B3LYP is, however, mild for the other three
sets DI, WI, and PPS, showing a general trend for un-
derbinding. Obviously, B3LYP is particularly poor for the
PPS subset for which London dispersion dominates. Errors
can be more than 200%, erroneously showing, for example,
that benzene dimer is unbound see Table S33 for more
details.49
UMP2 is physically sound in describing dispersion inter-
action by design.58 In practice, however, the overbinding ten-
dency is still dramatic, even when basis set is as large as
B10, if BSSE is not properly corrected see Table S34.49
Table IV shows that UMP2/B1 led to MAD=0.67, which
actually increased to 0.90 kcal/mol with B10 see Table IV.
There are many detailed basis set extrapolation studies
using correlation consistent basis sets published in the
literature,58–60 which may be compared with the results ob-
tained here with Petersson’s CBS procedure Table S36.49
For example, Boese and co-workers reported a BSSE cor-
rected MP2-R12/aug-cc-pV5Z value for HCl2 HB strength
TABLE IV. Noncovalent interaction energies for Truhlar’s NCIE31/05 NCIE31/05 set consists of six HB
complexes, seven CT complexes, six DI complexes, seven WI complexes, and five PPS complexes set. Errors
MADs are in kcal/mol; W1 reference data are from Refs. 21–23 for B3LYP, MP2, and XYG3 with different
basis sets. Basis set used for single point calculations. B1: 6-311+Gd,p, B2: 6-311+G2d,p,
B3: 6-311+G2d,2p, B4: 6-311+G3d,2p, B5: 6-311+G2df,p, B6: 6-311+G2df,2p,
B7: 6-311+G3df, B8: 6-311+G3df,p, B9: 6-311+G3df,2p, and B10: 6-311++G3df,3pd. CBS: the
PT2 correlation energies are extrapolated from B9 to the complete basis set limit according to Petersson’s CBS
scheme using Nmin=10 Ref. 43.
Method HB6 CT7 DI6 WI7 PPS5 Total 31
B3LYP/B1 0.88 1.49 0.55 0.30 2.97 1.16
B3LYP/B2 0.73 1.28 0.53 0.30 2.98 1.08
B3LYP/B3 0.59 1.14 0.56 0.30 3.05 1.04
B3LYP/B4 0.61 1.08 0.53 0.28 2.97 1.01
B3LYP/B5 0.70 0.93 0.61 0.29 2.92 1.00
B3LYP/B6 0.60 0.77 0.61 0.29 2.98 0.96
B3LYP/B7 0.67 0.82 0.53 0.27 2.89 0.94
B3LYP/B8 0.61 0.78 0.58 0.28 2.92 0.94
B3LYP/B9 0.63 0.76 0.61 0.27 2.93 0.95
B3LYP/B10 0.60 0.79 0.66 0.28 2.88 0.95
UMP2/B1 0.97 0.53 0.24 0.08 1.85 0.67
UMP2/B2 0.58 1.10 0.26 0.08 1.50 0.67
UMP2/B3 0.28 0.96 0.49 0.07 1.48 0.62
UMP2/B4 0.35 1.36 0.63 0.13 1.83 0.82
UMP2/B5 0.51 0.83 0.29 0.09 1.41 0.59
UMP2/B6 0.36 0.65 0.60 0.08 1.38 0.57
UMP2/B7 0.34 1.28 0.64 0.15 1.79 0.80
UMP2/B8 0.25 1.13 0.55 0.13 1.72 0.72
UMP2/B9 0.33 1.15 0.68 0.14 1.66 0.75
UMP2/B10 0.53 1.16 0.94 0.18 1.93 0.90
UMP2/CBS 0.35 1.70 1.75 1.14 ¯ 1.18
XYG3/B1 0.85 0.88 0.24 0.08 0.23 0.47
XYG3/B2 0.59 0.88 0.20 0.08 0.32 0.42
XYG3/B3 0.39 0.82 0.20 0.08 0.39 0.38
XYG3/B4 0.39 0.87 0.22 0.12 0.25 0.38
XYG3/B5 0.62 0.66 0.19 0.09 0.30 0.37
XYG3/B6 0.42 0.58 0.19 0.09 0.37 0.33
XYG3/B7 0.41 0.70 0.23 0.10 0.18 0.33
XYG3/B8 0.36 0.64 0.17 0.11 0.22 0.31
XYG3/B9 0.38 0.64 0.19 0.12 0.26 0.32
XYG3/B10 0.46 0.62 0.27 0.13 0.20 0.34
XYG3/CBS 0.35 0.58 0.59 0.41 ¯ 0.46
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of 2.24 kcal/mol, while a T-Q extrapolation led to 2.21
kcal/mol.60 In comparison, our MP2/B9 gave a value of 2.46
kcal/mol, and Petersson’s CBS led to 4.09 kcal/mol, being
significantly too high. Table S36 displays several other cases
of such failure e.g., H2OClF, H2SHCl, He2, AND
HeAr.49 Petersson’s CBS scheme relies on using proper
localization procedure. Indeed, we encountered localization
failure for benzene dimers, which limits its applicability in
calculating NBIs.
Table IV demonstrates the XYG3 performance with vari-
ous basis sets for the NCIE31/05 set. The basis set depen-
dence is mild as shown in Fig. 4. While XYG3/B10 led to
MAD=0.34 kcal /mol, MAD associated with XYG3/B1 is
only 0.47 kcal/mol, being quite satisfactory. Improving the
basis set quality improves the XYG3 performance for HB
and CT complexes. Note that we did not include BSSE cor-
rections in all our calculations. Previously, Sherrill and co-
workers calculated the XYG3 potential energy curve for the
CH4–C6H6 complex.
61 They found that the XYG3 curve is
essentially coincident with the CCSDT curve to the left of
equilibrium and coincident with the B2PLYP-D curve to the
right of equilibrium, whereas the counterpoise-corrected
XYG3 curve is underbonded, being less accurate than the
uncorrected XYG3.61 It is suggested that BSSE corrections
may not be applied to the XYG3 method47,61 and it might be
anticipated that adding a suitable dispersion term may further
increase the XYG3 accuracy.
E. Basis set optimized functionals XYG3o
Scheiner and co-workers explored the basis set depen-
dence of KS DFT using SVWN,3,4 BLYP,6,7 BPW91,5,6 and
B3PW915,6,11 with six basis sets DZP,62 6-31G,63 DZVP,64
TZVP,64 TZ2P,62 and uncontracted aug-cc-pVTZ Ref. 48
UCC.37 They observed that there was a significant im-
provement on reaction energetics for B3PW91 in increasing
the basis set size, and suggested that there might be value in
deriving functionals specifically tailored for each basis set.
Boese and co-workers systematically explored the role of
basis set in KS DFT.38 They have experimented with basis
set optimized GGA and hybrid GGA functionals and found
that the functionals obtained by fitting to a TZ quality basis
set are transferable to other basis sets. They therefore pro-
posed that it might not be important to reach the basis set
limit when developing new density functionals, since the
overall DFT errors were considerably larger than basis set
truncation errors.38 Gill and Pople65 would be the first to
develop a functional specifically for small basis set for prac-
tical use. In their development of a GGA type of functional
EDF1, a 6-31+Gd basis set was employed. We also note
that Truhlar’s popular MPW1K a hybrid GGA was devel-
oped using 6-31+Gd,p.66 As a doubly hybrid functional
contains MP2-like correlation, it is particularly appealing to
use smaller basis set for speedup, while it is not clear how
well the functional parametrization at smaller basis set can
absorb some deficiencies of the basis set itself. We have op-
timized XYG3 with B1–B10 basis sets using only HOFs
from the G3/99 set as we did before in developing the origi-
nal XYG3 Ref. 28 and the recent XYG3s Ref. 47 func-
tionals. The resultant functionals are called XYG3o.
Table V summarizes the optimized parameters for each
basis set optimized functional. The B7 derived functional
would be of least practical value, as this is an unbalanced
FIG. 4. Basis set dependence for the calculated nonbonded interactions
against the benchmark data of the NCIE31/05 set.








PT2 HOF BDE RBH NBI
XYG3o/B1 0.9035 0.0965 0.1031 0.5179 0.4821 6.11 1.85 1.84 0.70
XYG3o/B2 0.8336 0.1664 0.1002 0.6701 0.3299 3.70 1.05 1.32 0.69
XYG3o/B3 0.8153 0.1847 0.1873 0.6115 0.3885 2.85 1.41 1.82 0.47
XYG3o/B4 0.8066 0.1934 0.2041 0.6178 0.3822 2.57 1.41 1.77 0.50
XYG3o/B5 0.8043 0.1957 0.1852 0.6699 0.3301 2.56 1.17 1.11 0.40
XYG3o/B6 0.8039 0.1961 0.2123 0.6649 0.3351 2.12 1.75 1.14 0.32
XYG3o/B7 0.7890 0.2110 0.1060 0.7440 0.2560 3.84 1.74 1.45 0.71
XYG3o/B8 0.7780 0.2220 0.2061 0.7004 0.2996 2.13 1.36 0.90 0.37
XYG3o/B9 0.8033 0.1967 0.2107 0.6789 0.3211 1.81 1.56 1.02 0.32
XYG3o/B10 0.8033 0.1967 0.2107 0.6825 0.3175 1.80 1.52 0.91 0.34
aBasis sets used for functional optimizations. B1: 6-311+Gd,p, B2: 6-311+G2d,p, B3: 6-311+G2d,2p, B4: 6-311+G3d,2p, B5: 6-311+G2df,p,
B6: 6-311+G2df,2p, B7: 6-311+G3df, B8: 6-311+G3df,p, B9: 6-311+G3df,2p, and B10: 6-311++G3df,3pd.
bThe coefficients of the exact exchange and the Slater exchange are normalized to 1.0 and the coefficients of the LYP correlation and PT2 correlation are
normalized to 1.0.
cMADs are in kcal/mol. HOF: heats of formation for the G3/99 set Ref. 41. BDE: bond dissociation enthalpies for the BDE92/07 set Refs. 41 and 33. RBH:
reaction barrier heights for the NHTBH38/04 and HTBH38/04 sets Refs. 21–23. NBI: nonbonded interactions for the NCIE31/05 set Refs. 21–23.
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basis set with no polarization function on hydrogen atom.
Table V displays a trend that smaller basis sets favors higher
ratios of exact exchange and PT2 correlation. This is most
significant for B1. For all other XYG3o, the portion for exact
exchange is around 80% and that for PT2 correlation is
around 35%, being close to the original XYG3 functional.
Table V also presents the XYG3o performance, which is
depicted in Figs. 1–4 to compare with that of XYG3 before
optimization. The detailed results are tabulated in Tables
S37–S45.49 Optimization indeed absorbs the deficiencies of
the basis set itself. This is particular so for HOF predictions
with basis sets without including f function B1–B4. MADs
are reduced by 12.82, 9.55, 7.99, and 6.26 kcal/mol for B1,
B2, B3, and B4, respectively. Note that XYG3o/B1 still gave
MAD=6.11 kcal /mol for HOFs, reflecting the inherent poor
quality of this basis set. For application purposes, BDE is of
higher significance. Even though BDE is not included in the
training set, we see that the BDE prediction is consistently
improved with XYG3o. MADs for BDE predictions with
B1–B10 are all below 2 kcal/mol, better than the situation for
HOF predictions. By contrast, B3LYP with B9 and B10 gave
MADs=4.74 and 4.47 kcal/mol, respectively, for HOFs,
which worsen to 5.22 and 5.17, respectively, for BDEs.
XYG3o also works fine for barrier height predictions, whose
performance is similar to that of XYG3. XYG3o works less
satisfactorily for NBIs, where functional optimization based
only on HOFs may be biased against the nonbounded inter-
action complexes. Generally, we may recommend
XYG3o/B5 or B6 as a cost-effective replacement of
XYG3/B9 or B10 for larger systems.
IV. CONCLUSION
In this study, we addressed the basis set dependence is-
sue associated with the newly developed doubly hybrid func-
tional XYG3. The results were calibrated with either experi-
mental data for HOFs and BDEs, or benchmark calculations
for RBHs and NBIs. In addition to the XYG3 calculations,
we also carried out the corresponding B3LYP and MP2 cal-
culations. These two traditional DFT and ab initio methods
might be considered as the parent methods upon which
XYG3 was based. The comparison among XYG3, B3LYP,
and MP2 will help to understand the origin of errors associ-
ated with XYG3. We performed Petersson’s CBS calcula-
tions, trying to identify the intrinsic errors associated with
the XYG3 functional. The main conclusions from this study
are summarized as follows:
1 In general, the basis set convergence behaviors for
B3LYP and XYG3 methods are similar, since the major
components of the energy are similar in the two cases.
UMP2 results are more prone to basis set deficiencies,
while XYG3 only contains 32% MP2-like correlation,
which lessens its infection.
2 HOFs are most sensitive to basis set quality. There is
continued improvement with the larger basis sets for all
three methods. The smallest MADs achieved by each
method for the G3/99 set are 10.06 UMP2, 4.47
B3LYP, and 1.81 kcal/mol XYG3.
3 There is little basis set dependence for the B3LYP
BDEs, whose MADs fall in the range of 5.85–5.17
kcal/mol. For XYG3, with the B1 basis set, MAD is
3.29 and improves continuously to 1.46 kcal/mol with
the B10 basis set. For BDE predictions, none of the
UMP2 results are satisfactory. MAD with B1 is 6.18
and degrades to 8.41 kcal/mol with B10, showing the
inherent limitation of this method.
4 Basis dependences for RBHs are all similar for UMP2,
B3LYP, and XYG3, which improve steadily, but
slightly, with larger basis sets. Within B1 and B10,
MADs remain between 5.82 and 4.44 kcal/mol for
UMP2, 4.72 and 4.63 for B3LYP, and 1.35 and 0.92 for
XYG3.
5 B3LYP is unable to bind the PPS complexes, while
MP2 overbinds, and enlarging the basis set does not
change this situation. XYG3 is the best performer for
practical use with moderate size basis set for NBIs,
partly due to BSSE.
6 Petterson’s CBS generally did not improve the XYG3
agreement with reference data. This, on one hand, sug-
gests that basis set originally used in XYG3 parametri-
zation becomes an integral part of the model, it, on the
other hand, questions the compatibility of Petterson’s
CBS scheme with the XYG3 model, especially for
NBIs.
7 Fitting will to some extent compensate for the inad-
equacies in the basis set, leading to the XYG3o models
specifically optimized for each basis set. The XYG3o
results generally improve over XYG3 for a given basis
set. The limit that a XYG3o functional can push reflects
the inherent quality and compatibility of the basis set
used in functional optimization. Generally, we recom-
mend XYG3o/B5 or B6 as a cost-effective replacement
of XYG3/B9 or B10 for larger systems.
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